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Abstract
Membrane nanotubes (MNTs) are nanotubular cell-to-cell connections enabling cell-to-
cell signaling and cargo transfer. The presence of local MNT bulges has been reported
by several studies. However, a detailed characterization ofMNT bulges concerning their
geometrical properties has not been done yet. The aim of our study was to analyze MNT
from cone-like photoreceptor cells (661 W) using scanning electron microscopy (SEM)
in order to characterize MNT bulges, thereby increasing the knowledge of ultrastruc-
tural feature of MNTs. Our SEM analysis of two MNTs with multiple bulges revealed
that (i) MNT bulges are characterized by a statistically signiﬁcant local increase in the
MNT diameter (125% and 250% for both MNTs analyzed), (ii) the thickness and length
of the MNT bulges correspond to dimensions of mitochondria, peroxisomes and exo-
somes, and (iii) the MNT bulges seem not to be randomly distributed on the MNTs but
exhibit a preferred spacing with a diﬀerent median value for each MNT. Our ﬁndings
highlight that the ultrastructure of MNT exhibits interesting properties that need to be
further investigated.
Introduction
Nanotubular cell-to-cell connections termed “tunnelling nanotubes” or “membrane nan-
otubes” (MNTs) (the term used in this paper) enable diverse possibilities of cell-to-cell
signaling and cargo transfer [1] [2] [3]. This includes the exchange of signal carriers
(e.g. proteins), organelles (e.g. mitochondria), bacteria, viruses, exosomes, DNA, RNA,
or electric long-range coupling [4] [5] [6] [7] [8].
The deﬁning characteristics of MNTs are still being debated and the investigation
of MNT properties is ongoing but recently a consensus of leading MNT researchers
was published that MNTs can be deﬁned as “tubular membrane connection between
non-adjacent cells that allow direct intercellular communication, not necessarily gap
junction-mediated”. MNTs also contain F-actin and/or tubulin, have a variable diam-
eter of 50–800 nm and are open-ended [3]. It can be added that MNTs are ﬁlled with
cytoplasm and have a lipid bilayer [9]. Some MNTs also contain microtubules [10] and
have the gap junction protein Cx43 at the end [6]. In some cases, individual MNTs stick
together to form a single, thicker, MNT [9].
As recently summarized by Rustom [11], MNTs are “intimately linked to the physiologi-
cal state and pathological” state of cells and “represent a central joint element of diverse
diseases, such as neurodegenerative disorders, diabetes or cancer”. Furthermore, MNTs
seem to play an important role in long-range physical cell-to-cell signaling in multicel-
lular organisms possibly enabling novel ways of physical signal transfer [12] and being
involved in the functioning of neurosystems [13].
Studies have been published that report the existence of bulges, i.e. local increases of
the diameter, of MNTs [14] [15] [16] [17] [6] [18] [19] [20] [21] [22]. This ultrastructural
feature of MNTs was attributed to the presence of objects (vesicles or organelles) inside
MNTs [6].
Objective
Our objective was to document and analyze bulges of MNTs using scanning electron
microscopy (SEM) to increase the knowledge of ultrastructural feature of MNTs. To
our knowledge, a detailed characterization of MNT bulges concerning their geometrical
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properties has not been done before.
a
Figure Legend
Figure 1. Scanning electron microscopy (in lower secondary electron image
mode) images of bulges of MNT between cone-like photoreceptor cells (661W).
(A, C) Two MNTs (MNT#1 and MNT#2) with bulges (indicated with red arrows). Scale
bar of image A: 10 µm. Scale bar of image C: 1 µm. In ﬁgure C, a single bulge of a third
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MNT is indicated with a yellow arrow. The twoMNTs are connected at one side with the
cell and on the other side unconnected. The disconnection seems to be the result of the
SEM staining process, possibly disrupting the state of the MNTs causing the breakage
of long MNTs in some cases.
(B)Magniﬁcation of a MNT bulge selected from image A.
(D, E)Magniﬁcation of twoMNT bulges selected from imageC. InD the bulge is clearly
visible where in E it is more diﬃcult to recognize the bulge.
(F) Diagrammatic drawing of an MNT with two bulges and the four parameters deter-
mined for further analysis: MNT diameter (DMNT), diameter of the bulge (DB), distance
between adjacent bulges (dBB) and the length of the bulges (LB). In the lower visualized
MNT bulge in F an oval is shown (red) that was used to determine LB.
(G, H)MNT diameter and bulge diameter values, as well as, distance between adjacent
bulges for both MNTs. Statistically signiﬁcant (Bayer factor >10, Bayesian independent
samples t-test) diﬀerences are indicated (*).
It should be noted that MNT#1 is approximately twice as wide as MNT#2. Smaller cargo
in MNT#1 might therefore not be visible.
Results & Discussion
By analyzing cell cultures of the cone-like photoreceptor cell line 661W via SEM, we
found two MNTs (MNT#1 and MNT#2) that clearly showed multiple bulges along their
axis (see Fig. 1A-E). MNT#1 had a total length of 61.60 µm and MNT#2 of 13.74 µm.
The MNT bulge diameter (DB) was statistically signiﬁcant larger for both MNTs com-
pared to the MNTs diameters (DMNT) determined on bulge-free parts of the MNTs (me-
dian, 95% conﬁdence interval (CI)); DB#1 = 247.5 (220.0, 440.0) nm (n = 6) vs. DMNT#1
= 110.0 (55.0, 220.0) nm (n = 100), Bayes factor (BF) >100, eﬀects size (Cohen’s d): d =
-4.389; DB#2 = 85.0 (68.0, 136.0) nm (n = 4) vs. DMNT#2 = 68.0 (51.0, 102.0) nm (n = 100),
BF = 23.4, d = 1.609) (see Fig. 1G). This analysis proofs that the visually observed bulges
are real deformations of the MNT membrane. The analysis also shows that the larger
the diameter of the MNTs is, the larger is the diameter of the MNT bulges (as quantiﬁed
by the larger absolute diﬀerences of the medians (Δm) of DB values of MNT#1 (Δm =
137.5 nm, increase of 225%) compared to MNT#2 (Δm = 17.0 nm, increase of 125%)).
The distance between successive MNT bulges (dBB) was dBB = 7.527 (4.890, 9.451) µm for
MNT#1 (n = 5) and dBB = 2.492 (1.644, 3.610) µm for MNT#2 (n = 3). The diﬀerence was
statistically signiﬁcant (BF = 11.27, d = 3.041) (see Fig. 1H).
The length of the MNT bulges (LB) was LB = 1.700 (1.536, 2.742) µm for MNT#1 (n = 6)
and LB = 0.3495 (0.2730, 0.4260) µm for MNT#2 (n = 4). The diﬀerence was statistically
signiﬁcant (BF = 95.83, d = 3.879) (see Fig. 1H).
Our ﬁnding of the presence of bulges on MNTs is in agreement with previously pub-
lished studies with other cell types [14] [15] [6] [20]. Wittig et al. [6] documented
examples of MNT bulges in the retinal pigment epithelial cells using diﬀerential inter-
ference contrast microscopy and SEM. The MNT bulge diameter was reported to be DB
= 1 µm and the typical MNT diameter to be DMNT = 250 nm (with a range of 50–300
nm). These values are larger than the values we determined in our sample and study,
i.e. the diameter of the two MNTs investigated in our study were 2.3 (MNT#1) and 3.6
(MNT#2) times smaller, and the bulge diameters were 4.04 (MNT#1) and 11.75 (MNT#2)
times smaller, respectively. This indicates the presence of a large heterogeneity of MNT
morphology, conﬁrming previous reports. Wittig et al. concluded that the MNT bulges
suggest the presence of organelles in MNTs. Using the speciﬁc mitochondrial dye JC-1
they could label mitochondria inside MNTs. The presence of mitochondria inside MNT
bulges was also reported by Patheja and Sahu [22]. In another study, Reichert et al.
[20] reported also the presence of MNT bulges between cells (human primary CD34+
haematopoietic progenitor cells and leukaemic KG1a cells). The MNT bulge thickness
was described to be smaller than 100 nm in diameter, in agreement with our ﬁnding
concerning MNT#2.
With our study, we were the ﬁrst to analyze LB and dBB values of MNT bulges. The
range of LB values obtained (0.2730–2.742 µm) overlaps with the length distribution
of mitochondria in cells (e.g. in retinal pigment epithelial ARPE-19 cells [23]: 0.4–74
µm, primary cortical neurons [24]: 1.27 ± 0.04 µm) as well as with the size distribution
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of peroxisomes (0.1–1 µm) [25]. The length of mitochondria is, however, a variable
parameter that depends not only on the speciﬁc cell type but also on the state of the
cell, i.e. cell cycle [26] or metabolic state [27].
That the location of MNT bulges was seemingly not random on the MNT is a novel
ﬁnding of our study. The distance values between successive MNT bulges, as quantiﬁed
by dBB, showed unimodal distributions for both MNTs investigated. The ratio dBB/LB
based on the median values was 4.43 for MNT#1 and 7.13 for MNT#2, respectively; and
the ratio dBB/DB based on the median values was 68.4 for MNT#1 and 25 for MNT#2,
respectively. This indicates that the periodicity of the bulges on an MNT seems to be
independent of the MNT diameter as well as the length of the MNT bulges. Concerning
the cause of the MNT bulge periodicity, no clear mechanism can be envisaged. Either it
is a ﬁnding due to chance, or there is an underlying unexplored process that regulates
the distance between successive bulges of MNTs. It could be indeed that it is only a
ﬁnding due to chance since only a limited number of data points (i.e. distance values)
were available for the analysis. Further studies are needed to investigate this aspect
with a larger sample size.
What could be in general the cause of the MNT bulges observed? We think that three
possible causes should be considered: (1) MNT bulges as artefacts caused by the cell
staining process involving the SEM analysis, (2) MNT bulges as local deformations of
theMNTwithout the presence of a cargo inside, or (3) MNT bulges as eﬀects of an object
inside the MNT that deforms the enclosing MNT locally.
Explanation (1) is unlikely since MNT bulges were also observed by optical microscopy
[6], and MNT bulges are only occasionally observed (contrary to the expectation of the
MNT bulge formation being a results of a general SEM staining artefact that should
aﬀect all or a large part of all MNTs present in the investigated culture). Explanation
(2) is in principle possible but there are no nanomechanical processes known yet that
result in an oval local deformation of an MNT without the involvement of an object
inside the MNT causing the deformation. Explanation (3) is most likely since (i) the
presence of mitochondria inside MNT bulges was previously shown by several studies
[28] [17] [6] [29] [30] [18] [19] [22]; (ii) the MNT bulge diameter values determined
in our study (range: 68.0–440.0 nm) correspond to diameters of organelles like mito-
chondria (typical diameter: 100–1000 nm) [31] [32] [33], peroxisomes (typical diameter
in RPE cells: 100–300 nm) [34], or exosomes (typical diameter: 30–100 nm) [35] [36];
(iii) the length of the MNT bulges overlap with the length distributions of mitochondria
and peroxisomes [23] [34], and (iv) movements of MNT bulges were reported by other
studies (speed: 0.16 µm/s [14], 20.7 ± 2.3 µm/h [37], 0.08 µm/s [19], 0.0259 ± 0.0079 µm/s
[38], 0.033–0.059 µm/s [39], 0.045 ± 0.005 µm/s [21]) indicating the presence of a real
object inside the MNT.
Conclusions
Our SEM analysis of two MNTs from cone-like photoreceptor cells of the cell line 661W
with multiple bulges revealed that (i) bulges are characterized by a statistically signiﬁ-
cant local increase in MNT diameter (125% and 225% for both MNTs investigated); (ii)
the thickness and length of the MNT bulges correspond to dimensions of mitochon-
dria, peroxisomes and exosomes, and (iii) the MNT bulges seem not to be randomly
distributed on the MNTs but exhibit preferred spacing with a diﬀerent median value for
eachMNT. Our ﬁndings shed new light on the microstructure of MNTs andMNT bulges
in particular.
Further studies should replicate and extend our ﬁndings with more MNTs and by apply-
ing SEM and ﬂuorescence microscopy simultaneously by correlative light and electron
microscopy (CLEM) [40] or even better 3D CLEM with serial blockface (SBF) SEM, as
recently developed [41].
Limitations
There are two main limitations in this study. First, only two MNTs could be identi-
ﬁed in the SEM images taken from multiple sections of two cell cultures, resulting in
a small number of MNT bulges that could be used for the statistical analysis of their
geometrical properties. Secondly, we did not employ ﬂuorescence microscopy to a na-
lyzewhether the MNT bulges were colocalized with the presence of ﬂuorescence mark-
ers, e.g. JC-1 indicating the mitochondria. This, however, could not be performed for
technical reasons: performing SEM and ﬂuorescence microscopy analysis of the same
MNT consecutively with two instruments (as available in our lab) is nearly impossible
due to change and disturbance of the cell/MNT state caused by the transportation be-
tween microscopes and the time-delay involved processing the sample for SEM analysis
causing changes in the MNT state. A CLEM analysis would have been a solution.
Additional Information
Methods and Supplementary Material
Please see https://sciencematters.io/articles/201802000011.
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